A method for calculating the nuclear magnetic shielding constant of atoms in solution is proposed based on the ab initio electronic structure theory combined with the extended reference interaction site model in statistical mechanics for molecular liquids. The method is applied to a water molecule solvated in water, acetone, chloroform, and carbon tetrachloride. The results for solvation effect demonstrate capability to predict the experimental results. The theory provides a tool to investigate the solvent effect on the nuclear magnetic shielding and its temperature dependence from a molecular viewpoint. The theory takes account for the effect of the electrostatic interaction on the electronic structure of solute, but disregards the electron overlap. The effect of intermolecular overlap of the electron on the nuclear magnetic shieldings is examined using a molecular cluster model.
I. INTRODUCTION
Nuclear magnetic resonance ͑NMR͒ spectroscopy in solutions is a widely used tool for studying the structure and dynamics of materials in areas of chemistry, biology, and medicine. 1 Since the nuclear magnetic moment is a very sensitive and site-specific probe of environment in which the nucleus is situated, it has played an especially important role in the structural understanding of proteins and nucleic acids. 2 In the development of the NMR spectroscopy in solutions, the quantum-chemical treatment of the measurable NMR parameters, particularly chemical shifts as the first step, has become an important issue of theoretical chemistry. 3 However, theories of the chemical shift in solution have not been well developed due to a number of reasons: the most important has been lack of a theory to describe the electronic structure of a molecule in solution. As can be readily understood, the electronic structure is of primary significance in determining the magnetic shielding of a nucleus. However, it is modified largely by solvent when the molecule is in solution. Such effects manifested in the effective charge of atoms amount to 10-40% sometime, and it cannot be neglected. Therefore, a successful theory to describe the NMR chemical shift should be able to treat the solvent effect on the electronic structure.
The approaches based on the continuum model have been used for various problems in solutions, and have given reasonable agreement with the experimental data in spite of its model for solvent which is overly simplified. Recently, the continuum models were extended for calculating the chemical shifts, 4 -6 and qualitatively correct results were obtained. However, the chemical shift is a microscopic probe which is highly sensitive not only to the structure of the molecule in question but to intermolecular interactions such as hydrogen bonds. The description due to the oversimplified solvent model may mislead to wrong conclusions with respect to the microscopic process occurring in solution. The approaches based on the molecular simulations 7, 8 seem to be promising for studying the NMR chemical shifts in solutions, since it is capable of taking the molecular details of solvent into account. However, the approach in the current stage requires some empirical processes to obtain the NMR chemical shifts, which cast a shadow on its predictability. Owing to the development of computer, the NMR chemical shift has been obtained by carrying out the ab initio calculation for molecular clusters selected from the configuration space sampled by the molecular simulation. 9, 10 The cluster approach is indeed attractive because the intermolecular interactions can be treated entirely with quantum chemistry. A problem inherent to this approach is the convergence: it will be extremely difficult to find out how many samples ͑configurations͒ of a cluster and how many molecules for a cluster are needed for convergence of the physical properties in question. If the convergence is very slow, the computational load will become a serious problem. Very recently, the QM/MM method was extended by Cui et al. for calculating the chemical shifts, 11 and the effect of solvation on the chemical shift was studied using the solvent configurations obtained by the molecular dynamics simulations. The QM/MM approach is superior to the cluster approach in the sense that the former includes the effect from bulk solvent. However, this method a͒ Author to whom correspondence should be addressed. Electronic mail: hirata@ims.ac.jp has the same problem as the cluster approach: how many samples of a cluster and how many molecules for a cluster are needed for convergence of the physical properties in question.
In the previous paper, 12 we have presented a method for the theoretical treatment of the nuclear magnetic shieldings in solutions based on the ab initio electronic structure theory combined with the extended reference interaction site model 13, 14 in statistical mechanics for molecular liquids ͑RISM-SCF 15, 16 ͒. The RISM-SCF method treats both solute and solvent molecules in atomic level, and determines the solute electronic structure and the statistical solvent distribution in a self-consistent manner. Thus the method provides a microscopic picture for the solvent effect on the electronic structure of a solute molecule within reasonable computation cost. Furthermore, this approach is suitable for studying the relationship between the chemical shifts and solute-solvent interactions, because the RISM-SCF method treats a solutesolvent system, in which a solute molecule is at infinite dilution in solvents.
In this article, we analyze the solvation effect on the chemical shift of a water molecule by means of the RISM-SCF theory. The RISM-SCF formulation of the nuclear magnetic shieldings in solutions is presented in Sec. II. The solvent and temperature dependence of proton chemical shifts of a water molecule is discussed in Sec. III. The effect of the overlap of electron clouds between the solute and solvent on the chemical shift, which is disregarded in the present framework, is discussed briefly using molecular cluster in Sec. IV.
II. THEORY
In the RISM-SCF framework, the nuclear magnetic shielding tensor X of a nucleus X can be expressed as mixed second derivative of the free energy A, with respect to the external magnetic field B and the nuclear magnetic moment m X :
where B ␣ and m ␤ X are the Cartesian components of B and of m X , respectively, and A is defined as a sum of the electronic energy of a solute molecule E solute and the excess chemical potential due to solute-solvent interactions ⌬:
In this work, E solute is estimated in the Hartree-Fock ͑HF͒ level, and the gauge-invariant atomic orbitals ͑GIAO͒ method 17 is adopted to solve the gauge problem in the calculation of nuclear magnetic shieldings. Each molecular orbital i is expressed as a linear combination of GIAO (B):
where
In the above expression, A ϭ 1 2 BϫR is the value of the vector potential of atomic orbital is located. r is the position vector of an electron. E solute is given by
The one electron term
depends on the magnetic vector potential
where r O is the position of an electron with respect to an arbitrarily chosen gauge origin O, and r N is the position of an electron relative to the nucleus with charge Z N . Using the commutator ͓ϪiٌϩA͑ r͒,exp͑ϪiA •r͔͒ϭϪA exp͑ϪiA •r͒, ͑8͒ one can see that the H is independent of O.
The density matrix P (B,m) and the two electron term G (B,m) are given by
͑11͒
For the chemical potential term ⌬, the equation derived by Singer and Chandler 18 is employed:
where , k B , and T are the density of solvent, the Boltzmann constant, and temperature, respectively. The subscripts ␥ and s refer to the interaction sites of the solute and of the solvent molecules, respectively. The direct correlation functions c ␥s and the total correlation functions h ␥s are obtained by the RISM theory with the hypernetted-chain ͑HNC͒ type of closure:
where g ␥s ϭh ␥s ϩ1 is the radial distribution function of the s-th site of solvent molecules around the ␥-th site of the solute molecule. ␥␥ Ј is the intramolecular correlation function containing the geometrical information of the solute. s Ј s is the pure solvent site density pair correlation function. Here ''*'' denotes the spatial convolution. The solute-solvent interaction potential u ␥s is assumed to be the sum of Coulombic and Lennard-Jones terms:
ͬ .
͑15͒
The standard mixing rules ⑀ ␥s ϭ(⑀ ␥ ⑀ s ) 1/2 and ␥s ϭ( ␥ ϩ s )/2 are employed for calculating the Lennard-Jones potential parameters. Note that the effective charges q ␥ assigned to the solute sites depend on the solute electronic wave function as follows:
where b ␥ is the population operator for the solute site ␥. The Fock operator with solvent effect derives naturally from the variational procedure:
͑17͒
First, differentiating Eq. ͑2͒ with respect to m ␤ X leads to
Second, differentiating Eq. ͑18͒ with respect to B ␣ leads to the final expression for the nuclear magnetic shielding tensor
͑19͒
Note that this equation is the same form as in the gas phase derived by Ditchfield. 17 In the above equation, for example,
. ͑21͒ P (0) can be calculated from the field-independent RISM-SCF method. (H (1, 1) ) ␣␤ X and (H (0,1) ) ␤ X are the same expressions with those from the conventional ab initio calculation in gas phase, while ( P (1, 0) ) ␣ are determined by solving the firstorder coupled-perturbed HF equation in the RISM-SCF framework:
The derivative of the interaction term between solute and solvents with respect to the external magnetic field is required for calculating (F (1, 0) ) ␣ :
The effective charges of solute are determined by the least square fitting procedure in the present work. The derivative of the elements for the population operator is, then, given by
͑26͒
R k is the position vector of the grid points for fitting, and r k␥ is the distance between the grid point k and the solute interaction site ␥. In Eq. ͑23͒ the contribution from the derivative of the radial distribution function with respect to the external magnetic field does not appear. The radial distribution function, in the present framework, depends on the external magnetic field only through the effective charges of solute, and therefore the derivative of the radial distribution function depends only on the derivative of the effective charge of solute with respect to the external magnetic field. Differentiating the effective charge of solute with respect to the external magnetic field leads to the trace of the products of the Hermitian and anti-Hermitian matrices ͓see Eq. ͑16͔͒. Since the trace of these products is equal to zero, the derivative of the effective charge also vanishes. For this reason, the contribution does not appear.
The present method has two outstanding features. We can obtain the nuclear magnetic shielding constant in solution nonempirically in the sense that the theory is free from macroscopic empirical parameters such as the dielectric constant, and study the nuclear magnetic shielding by the relationship with the solvation structure. Another advantage of the present method is that the electron correlation can be taken into account with standard procedures.
III. SOLVENT AND TEMPERATURE DEPENDENCE OF PROTON CHEMICAL SHIFTS OF A WATER MOLECULE
Recently, the proton chemical shifts of a water molecule in dilute organic solvents have been obtained by Nakahara et al. 19, 20 over a wide temperature range using a modern NMR machine. On the basis of the experiment, the proton chemical shifts of a solute water molecule in a variety of solvent, over the temperature range studied, are in the sequence, in water Ͼ in acetone Ͼ in chloroform Ͼ in carbon tetrachloride. The proton chemical shifts decrease with increasing temperature. In this paper, as a demonstration of the present method, we study solvent and temperature dependence of the proton chemical shifts of a water molecule in a variety of solvent; water, acetone, chloroform, and carbon tetrachloride, used in the above experiment. An isolated water molecule in gas phase is adopted as the reference material for the chemical shifts. The TIP3P-like 21 model ͑including core repulsion for the hydrogen site͒ is used to describe solute and solvent water. We make use of the OPLS parameters for acetone ͑methyl group is treated as a united atom centered on the carbon atom͒ 22 and carbon tetrachloride solvents. 23 For chloroform, we employ the parameters proposed by Dietz et al. 24 The geometric and potential parameters for the solute and solvent are summarized in Table I , respectively. The geometric parameters for acetone are taken from experimental results in gas phase. 25 The solvent densities for water, acetone, chloroform, and carbon tetrachloride are, respectively, fixed at 0.033 36, 0.008 187, 0.007 480, and 0.006 238 molecules/Å 3 , which are measured at 1 atm and 20°C, 26 and the temperature is changed from 10 to 50°C every 10°C.
The electronic wave functions of a water molecule in solvent and in gas phase were calculated in the Hartree-Fock level with 6-311G** basis set using the GAUSSIAN 94 27 incorporated in the RISM-SCF method. The effective charges are parametrized so as to reproduce the electrostatic potential around the solute molecule by using 26 angular grids ͓͑100͒,͑110͒,͑111͒ and so on͔, which originates from the center of mass of the solute molecule. In each direction, four radial grids are equally spaced from 2 to 30 Bohr. The excess grids inside the van der Waals radius are discarded. As in the previous study, the total number of the grids is 78.
The proton chemical shifts in each solvent, obtained by the present procedure, are plotted as a function of temperature in Fig. 1 As is shown in Fig. 1 , the present method qualitatively reproduces the two observations in the experiment. 19, 20 First, the proton chemical shifts of the solute water molecule are in the sequence over the temperature range studied:
in waterϾin acetoneϾin chloroformϾin carbon tetrachloride.
Second, the proton chemical shifts decrease with increasing temperature. These results demonstrate capability of the theory to predict experimental results at least qualitatively. Figure 1 is our principal result in this paper. In the following paragraphs, we discuss the relationship between the solvation structures and the proton chemical shifts.
The solvation structure is governed by two factors, the electrostatic interaction ͑EI͒ between solute and solvents and the packing effect ͑PE͒. The electrostatic potential induced by solvent affects the electronic structure of solute molecule, and changes the nuclear magnetic shieldings. Therefore, on discussing the relation between the solvation structures and the proton chemical shifts, decomposition of the solvation structure into the two terms is useful. Here, we define the RDFs ''g PE '' concerned with the packing effect by that for a hypothetical system obtained by neglecting the electrostatic interactions between solute and solvents. Then, the RDFs ''g where g(r;EI 0) is the RDF with full solute-solvent interactions.
First, we discuss the relationship between the solvation structures and the proton chemical shifts at 20°C. For the case of water as solvent shown in Fig. 2͑a͒ , the first peak of g O-H appearing at about 1.8 Å represents hydrogen bonds with nearest neighbors. As can be readily seen from g O-H EI , the electrostatic interaction is dominant for this peak. Peculiar to water is the peak in g O-O EI located at around 4.5 Å, indicative of a significant population of second neighbors in the tetrahedral icelike structure. These solvation structures affect the chemical shift of solute water. Since both the hydrogen and oxygen atoms of the solute water form hydrogen bonds with solvent water, the solute water molecule polarizes strongly, and the proton chemical shift shows the largest value.
For the case of acetone shown in Fig. 3͑a͒ , g O-O has two peaks at around 3.2 Å and 5.4 Å, which are designated by the arrows A and B. We infer that the two peaks correspond, respectively, to the solvation structures in the first solvation shell in which the electronic structure of solute would be perturbed largely by the solvents distributed. The first peak of g O-C is located at the radial distance in between the posi- tions of the two peaks in g O-O stated above. The structure that the oxygen of acetone faces the water molecule, forming hydrogen bond, is named the ''A-structure,'' and the other is called the ''B-structure'' in which the methyl groups of acetone direct toward the water molecule. These two solvation structures are schematically shown in the figure. The schematic dimers are drawn such that distances between the sites of water and acetone are almost coincident with the peak positions of the RDFs. Considering that the RDFs originated in the hydrogen atom of water solute shown in Fig. 3͑b͒ , one can clearly understand how these solvation structures affect the chemical shift. The two peaks in g H-C present at positions within 5 Å correspond to the A-and B-structures, respectively, and can be decomposed into the peaks in g H-C EI and in g H-C PE distinctly. Besides, the first sharp peak in g H-O located at 2 Å represents the hydrogen bond in the A-structure. This suggests that the A-structure dominates the proton chemical shift of water molecule in acetone.
For the case of chloroform in Fig. 4͑a͒ , the shoulder and peak located at about 3.5 Å and 4.5 Å, respectively, in g O-C fall in between the positions of the two peaks, designated by arrows A and B, in g O-H . We assign the peaks to the two solvation structures ''A'' and ''B,'' respectively, shown in the figure. The structure in which the hydrogen of chloroform forms a hydrogen bond with the oxygen of water is the A-structure, the peak of which appears in g O-H EI at around 2.4 Å in Fig. 4͑b͒ , and that in which the chlorines of chloroform face a water molecule is the B-structure. Similar to the case of acetone, the A-structure seems to dominate the proton chemical shift of the water molecule in chloroform solvent.
Although both the acetone and chloroform solvents form hydrogen bonds with water molecules, the charges on the atoms of both solvents, forming hydrogen bonds, are less than those in solvent water molecules, and the electrostatic interaction affects only one ͑H or O͒ site of the solute water molecule. Therefore, the solute water is not polarized in those solvents as much as in the water solvent, and the proton chemical shifts are less in those solvents than those in water. The difference between the proton chemical shifts in acetone and in chloroform depends on the difference between their dipole moments.
In case of carbon tetrachloride shown in Fig. 5͑a͒ , the distinct solvation structure reflecting the electrostatic interaction does not appear, since each site of carbon tetrachloride has little charge, and the packing effect dominates its solvation structure. The electronic structure of water in carbon tetrachloride almost retains that in the isolated molecule and therefore the proton chemical shift shows nearly 0 ppm.
Next, we discuss the relationship between the temperature dependence of the proton chemical shifts and of the solvation structures. In Figs. 2͑b͒, 3͑c͒, 4͑c͒ , and 5͑b͒, the RDFs at 10°C and 50°C are shown. Arrows indicate the direction of change in the peak height of g EI (r) at the radial distance due to temperature increase. For the water solvent in Fig. 2͑b͒ , the decrease in the height of the first peaks of g O-O EI and g O-H EI with increasing temperature is caused by weakening of hydrogen bonds with the nearest neighbors. In addition, the height of the peak of g O-O EI around 4.5 Å decreases as temperature increases. This change indicates ''melting'' of the icelike structure. As a result of these changes in the solvation structure, the proton chemical shift decreases with increasing temperature. For acetone and chloroform solvents in Figs. 3͑c͒ and 4͑c͒ , the height of the peaks of g EI , which corresponds to the A-structure forming hydrogen bond with solute water, decreases as temperature increases. This change in the solvation structure with increasing temperature causes a decrease in the proton chemical shifts. On the other hand, the height of the peaks in g PE which corresponds to the B-structure remained almost constant with rising temperature. For carbon tetrachloride in Fig. 5͑b͒ , the solvation structure of g EI disappears with increasing temperature. The previous and present studies for the proton chemical shift for solvent effects have demonstrated the capability of predicting experimental results, and of discussing its temperature and density dependence in the molecular level. From the quantitative viewpoint, on the other hand, agreement in the temperature and solvent dependence of the chemical shifts with experiments is not always satisfactory. The chemical shift in each solvent is underestimated compared to that of experiments. In other words, the magnetic shielding is overestimated. Furthermore, the experimental results 19, 20 indicate that the gradients of the chemical shifts plotted as a function of temperature are proportional to their magnitudes. Concerning the relationship between the gradients of water and acetone solvents, the present method failed to reproduce the experiment. In the previous study, 12 we calculated the nuclear magnetic shielding constant for an oxygen atom of a water molecule solvated in water. The theory overestimated the magnetic shielding compared to the experimental value. The conclusion was not altered when the molecular geometry of water was changed. As a result, the direction of the chemical shift for the oxygen atom relative to the gas phase was opposite to the empirical result. Why does the present theory overestimate the magnetic shieldings? From the analysis of the intermolecular interaction on the nuclear magnetic shieldings using a molecular cluster, which is described in the following section, we conclude that the defect of our theory stated above is due to neglecting the overlap of electron clouds, e.g., the Pauli repulsion, between solute and solvent molecules. As shown in Eq. ͑15͒, this overlap is disregarded in the present theory. This intermolecular effect on the chemical shifts is called the overlap effect, 28 -30 and its importance on calculating the chemical shifts has been discussed in recent studies. 8, 11, 12 In the next section, we examine how the overlap of electron clouds affects the nuclear magnetic shieldings.
IV. INTERMOLECULAR EFFECTS FOR NUCLEAR MAGNETIC SHIELDINGS
In this section we study the intermolecular effect, including the Pauli repulsion on the nuclear magnetic shieldings to verify the theory. We utilize the molecular cluster consisting of five water molecules arranged in a tetrahedral fashion shown in Fig. 6 . The distance between the oxygen atom of the central molecule and those of the surrounding molecules is 2.8 Å. The geometry of a water molecule is taken from that of the SPC model. 31 We carry out two types of calculations of the nuclear magnetic shieldings for the pentamer. In one of them, the central molecule of the pentamer is treated by quantum chemistry and the surrounding molecules are treated as point charges centered at each nucleus. Hereafter we call this model the ''PC model.'' The other model treats all water molecules by quantum chemistry. We call this model the ''QC model.'' For the point charges, we employ the Mulliken charges estimated in the QC model. Although the point charges determined by the least square fitting procedure in the RISM-SCF theory are also examined, the trend of the results, discussed as follows, is similar to these with the Mulliken charges. The PC model disregards the overlap of electrons between the central molecule and surrounding molecules, and the QC model includes the overlap. The interaction between the central molecule and the surrounding molecules in the PC model is expected to be similar to that in the RISM-SCF theory, although the former model neglects both of the thermal averaging of solvent configurations and bulk solvent effect. Comparing these two results, we can examine how the overlap of electron clouds affects the nuclear magnetic shieldings of the central molecule, and can inspect the accuracy of the RISM-SCF theory. For the basis set super position error in the nuclear magnetic shieldings of the QC model, the counterpoise correction 32 is made. 11, 33, 34 The calculations were carried out in the Hartree-Fock level with 6-311G** basis set. The nuclear magnetic shielding constants obtained for the two models are shown in Table III . From this result, it is found that the nuclear magnetic shieldings of both hydrogen and oxygen atoms in the PC model are larger than those in the QC model. This is caused by the insufficient description of the electronic structure due to missing the overlap of electron clouds discussed in the following. We can decompose Eq. ͑19͒ as follows:
From the first and second terms, we can understand the changes in the polarization of the electron cloud and in the softness of the electron cloud for the magnetic shieldings due to neglecting the electron overlap, respectively. Note that ⌬ ␣␤ X (mix)ϭ0Ϫ ␣␤ X (mix). The values of these three terms are shown in the Fig. 7 . For both the oxygen and hydrogen atoms, it is found that the lack of the overlap increases X (softness). It suggests that the electron cloud of the PC model can easily change its shape for shielding in comparison with that of the QC model. Particularly, the change in X (softness) is remarkable for the oxygen atom, and therefore, it is necessary for the theory to take the overlap effect into account. Although the theory takes reasonable account for solvent effect to the magnetic shielding as long as hydrogen atoms are concerned, the overlap effect should be included in the theory for discussion in quantitative level.
The softness of the electron cloud in the PC model can lead to the overestimation of the nuclear magnetic shieldings obtained by the theories ͑the continuum, the QM/MM, and the RISM-SCF theory͒ in which the overlap of electron clouds between solute and solvent molecules is disregarded.
A new theory which includes the overlap effect is highly desired for the NMR chemical shifts in solution.
V. CONCLUSION
In this paper, we have proposed the method for the theoretical treatment of the nuclear magnetic shieldings in solutions. The method is based on the ab initio MO method and the RISM theory of liquid. The results for the proton chemical shift of a water molecule solvated in water, acetone, chloroform, and carbon tetrachloride demonstrated the capability of the present theory to predict experimental results in qualitative level. The theory provides a tool to investigate the solvent effect on the nuclear magnetic shielding and its temperature dependence from a molecular viewpoint. From the analysis of the intermolecular interaction on the nuclear magnetic shieldings using a molecular cluster, we confirmed that the overlap effect is necessary for quantitative prediction. Due to missing of the overlap, the electron cloud becomes soft in terms of response to the magnetic field, and which in turn causes the overestimation of the nuclear magnetic shieldings. Therefore, it is difficult for the present method to handle the solute-solvent system in which the overlap is not negligible, such as the nuclear magnetic shielding for the oxygen atom of a water molecule in aqueous environment. Nevertheless, the present method is promising in some application in which the overlap is not significant. Such applications can include the proton chemical shift of biomolecules in solution. It would be of great interest to investigate a relation between the chemical shift and the conformational change of a biomolecule in solution. Our next subject is building a new theory including the overlap effect which can treat the nuclear magnetic shielding for both the hydrogen and oxygen atom of water molecule solvated in aqueous solution in the quantitative level. This study is in progress in our laboratory. FIG. 7 . Changes in the components of the nuclear magnetic shielding for the central molecule in the pentamer due to missing of the electron overlap. ⌬ X (polarization) and ⌬ X (softness) correspond to the changes in the polarization of electron cloud and in the softness of the electron cloud for the nuclear magnetic shieldings, respectively. ⌬ X (mix) is the remaining contribution to the nuclear magnetic shieldings in the QC model, which is not contained in the PC model.
